1. INTRODUCTION {#sec1}
===============

The physiological functions of adenosine (1) are mediated by its interaction with four subtypes of G protein-coupled receptors, named A~1~, A~2A~, A~2B~ and A~3~ \[[@r1]\]. As suggested by Cosyn, adenosine receptors are not only the main targets of caffeine, the drug most consumed worldwide every day, but they could also serve as promising therapeutic targets for a variety of conditions including cardiovascular diseases, inflammation, neurodegenerative diseases and tumors \[[@r2]\].

Natural adenosine (1) and its derivatives are involved in the regulation of many aspects of cellular metabolism. However, to date only adenosine in its natural form has been approved for therapeutic use in humans, this in spite of the fact that a great effort has been directed toward the discovery of potent and selective adenosine agonists \[[@r3]\]. In particular, high concentrations of adenosine have been reported in tumor tissues, implying a fundamental role of this nucleoside in tumor growth \[[@r1]\]. The anti-tumour effects of the adenosine are mediated through differents mechanisms, either dependents or independents of its receptors, and encompass the detention of the cellular cycle, inhibition of the proliferation or the induction of apoptosis \[[@r4]\].

The purpose of this review is to provide a summary of different concepts and applications of adenosine (1) and its derivatives. Also, we would like to compare the most common synthetic methodologies used for the synthesis of adenosine derivatives in the last 30 years, including those involving nucleophilic substitution reactions, complexation, conjugation and coupling. Further, this research describes the most important effects of adenosine (1) and its analogs in tissues and peripheral organs as well as their impact on the treatment of certain cancers \[[@r5]\] and pathologies of the central nervous system (CNS).

2. HISTORY, DEFINITION AND TYPES OF ADENOSINE RECEPTORS {#sec2}
=======================================================

2.1. Adenosine: Some Concepts and Biological Functions Discovered in the Course of Time {#sec2.1}
---------------------------------------------------------------------------------------

From a historical standpoint, the era of adenosine (1) begins in 1929 with the works of Drury and Gyorgyi \[[@r6]\]. These authors first demonstrated the effects of this nucleoside in the cardiovascular system (as a vasodilator, as an inducer of bradycardia and as a negative inotropic agent), as well as in the gastrointestinal tract \[[@r7], [@r8]\]. A decade later, Lindner and Rigler demonstrated that adenosine was a potent dilator of coronary vessels, postulating this nucleoside as a major regulator of blood flow. They also showed that this compound played a major role in regulating the cerebrospinal fluid \[[@r9], [@r10]\]. Subsequently, in 1954, Feldberg and Sherwood demonstrated the sedative effects of adenosine following its intracerebro-ventricular injection \[[@r6]\].

In 1963, Berne and Gerlach identified the physiological role of adenosine (1) as a mediator of coronary vasodilation in response to hypoxia or ischemia of the myocardium. The same year, Born and Cross, reported the inhibitory effects of adenosine (1) on platelet aggregation \[[@r11], [@r12]\]. Later, in 1970, Sattin and Rall showed that adenosine induces an increase in the concentration of cyclic AMP (cAMP) in the brain of mammals \[[@r3], [@r12]\]. Seven years later, Londos and Wolff demostrated that the negative chronotropic and dromotropic effects of adenosine were mediated by direct activation of specific receptors \[[@r14]\]. In 1978, Burnstock formulated the existence of two classes of purinergic receptors, the P~1~ (adenosine) and P~2~(ATP and ADP) receptors based on their sensitivity to nucleosides and nucleotides, respectively \[[@r10], [@r15]\]. In the 1980's the groups of Belardinelli and Snyder focused on the role of adenosine (1) in cardiac electrophysiology and its modulatory actions on neurotransmission \[[@r6], [@r16]\]. A year later (1982), Spielman and Thomson, proposed adenosine as an intrinsic regulator of renal blood flow and glomerular filtration rate \[[@r16], [@r17]\].

A few years later, the FDA (*Food and Drug Administration*) approved the use of adenosine for the treatment of supraventricular tachycardia. Then, in 1991, Cohen and Downey reported that adenosine played an important role in preconditioned ischemia \[[@r18]\]. Subsequently, Adenoscan^®^ (the pharmacological formulation of adenosine (1)) was marketed as a component of the stress test "myocardial perfusion imaging" aimed to visualize and evaluate the heart function \[[@r6], [@r9]\]. In 1999, adenosine derivatives were synthesized, that were assessed according to their affinity with the A~3~ receptor subtype present in rat cerebral cortex \[[@r19]\].

At the beginning of the XXI century, some researchers showed that the removal of extracellular adenosine (1) was a key mechanism in reducing extracellular levels of this nucleoside, modulating its biological actions in vascular cells increasing the levels of D-glucose \[[@r20]\]. Moreover, other authors reported studies about the importance of adenosine in the regulation and modulation of sleep \[[@r21], [@r22]\]. In 2005, has been extended to analogs of adenosine-3\',5'-cyclic monophosphate (cAMP) for the treatment of breast cancer in mice \[[@r13], [@r23]\]. In this same period, the synthesis of N^6^-adenosine and N^6^-2'-deoxyadenosine derivatives was developed with aliphatic and aromatic amines under S~N~Ar reactions in one-step \[[@r24]\]. Then, other researchers showed that adenosine played an important role in inducing pulmonary angiogenesis \[[@r25]\].

Afterward, in 2012, the total synthesis of stable cyclic derivatives of adenosine 5'-diphosphateribose was presented, which acted as chemical and biological tools involved in the release of intracellular Ca^+2^ \[[@r26]\].

In the latter period, a series of adenosine derivatives have been tested for the ability to inhibit forskolin-stimulated adenylyl cyclase \[[@r27]\] and even through an *in silico* receptor-driven approach the molecular bases of recognition of human purinergic receptors of type A~1~ and A~3~ \[[@r28]\].

2.2. Adenosine Concept and Characteristics of their Receptors {#sec2.2}
-------------------------------------------------------------

Adenosine (1) is an endogenous nucleoside consisting of an adenine molecule linked to a pentose (ribofuranose) *via* a *β*-N^9^-glycosidic bond (Fig. **[1](#F1){ref-type="fig"}**). Adenosine's chemical name is 6-amino-9-*β*-D-ribofuranosyl-9-H-adenine, and its chemical formula is summarized as C~10~H~13~N~5~O~4~, with a molecular weight is 267,24 u.m.a \[[@r29]-[@r31]\].

The biochemical process to obtain adenosine (1) within the cells is explained in [Fig. (**[2](#F2){ref-type="fig"}**)](#F2){ref-type="fig"}. Basically, the adenosine is formed as a result of a hydrolysis of AMP by action of a type I cytosolic 5-nucleotidase (reaction 2). Once the adenosine is formed, this can be phosphorylated by an adenosine kinase (reaction 1) or converted to inosine by adenosine deaminase action (reaction 5). On the other hand, the levels of adenosine in the extracellular compartment are affected by two mechanisms mainly, it can be released from the cell inside by conveyors balancers (reaction 7) or from nucleotide extracellular adenine, mainly ATP by the action of the ecto 5\'- nucleotidase (reaction 8), even will depend on the rate of hydrolysis of ATP which is released. Other enzymes involved in the metabolism of this purine are AMP deaminase (reaction 3), 5\'-nucleotidase type II (reaction 4), purine nucleoside phosphorylase (reaction 6) and apyrase (reaction 9) \[[@r32]-[@r34]\].

Functionally, adenosine (1) is involved in various physiological activities and its effects are often contrary to caffeine \[[@r14]\]. The nucleoside serves as the natural ligand for G protein-coupled P~1~ receptors, also known as Adenosine Receptors, with variable distribution in physiological systems. Based on their pharmacological, biochemical and molecular properties, these receptors are classified into four subtypes, namely A~1~, A~2A~, A~2B~ and A~3~. Of these, A~1~, A~2A~ and A~2B~ have highest inter-species homology. On the other hand, the A~3~ receptor shows considerable differences between species \[[@r31], [@r34], [@r35]\].

First, the A~1~ is widely expressed throughout the body, with the highest expression observed in the brain, spinal cord, atria and adipose tissue \[[@r10], [@r36]\]. Following interaction with this receptor, adenosine (1) reduces the heart rate, glomerular filtration rate and renin release in the kidney. In addition, it induces bronchoconstriction and inhibits lipolysis \[[@r36]\]. Moreover, the activation of this receptor reduces cAMP production through an antagonistic effect on adenylate cyclase II. Furthermore, it has been found that other cardiac receptors can be influenced by adenosine \[[@r30]\]. Recent studies have shown that the antagonistic effects on the A1 receptor could play a potential role in the treatment of asthma \[[@r37]\] and even have an anti-tumor effect against glioblastomas \[[@r38]\].

A~2~ receptors are more abundant in nerve cells, mast cells, smooth muscle of the airways and circulating leukocytes \[[@r31]\]. These receptos have also been extensively studied in platelets \[[@r11]\] and shown to be expressied under conditions of oxidative stress \[[@r39]-[@r41]\].

The A~2~ receptors in turn can be subdivided into A~2A~ and A~2B~ receptors based on their affinity for adenosine \[[@r31]\]. While A~2A~ receptors are expressed throughout the brain (CNS), they are particularly concentrated in the basal ganglia. Besides the brain, they are also expressed in vascular smooth muscle, endothelium, neutrophils, platelets, mast cells and T cells \[[@r42]\]. On the contrary, A~2B~ receptors are highly expressed in vascular areas, retina and brain, with low levels of expression in platelets. Recent studies have shown that this receptor subtype has a high expression in a state of stress, inflammation and hypoxia and on those who have a high-fat diet \[[@r43]\].

In 1992, Zhous discovered the type A~3~ receptors as G protein-coupled receptors with high similarity (58%) to A~1~and A~2~ receptors but with different pharmacological properties \[[@r44]\]. The A~3~ receptors are expressed in testes, lung, kidney, placenta, heart, brain, spleen, liver, uterus, bladder, jejunum, proximal colon and rat eye, sheep and humans. However, there are marked differences in expression levels within and between species \[[@r8]\]. On the other hand, this type of adenosine receptor is involved in anti-inflammatory effects \[[@r42]\]. Furthermore, several studies, reported that the A~3~ adenosine receptors were responsible for cardioprotection in a variety of species and models \[[@r36]\].

In general, A~1~ and A~2A~ receptors have a greater affinity with the adenosine as ligand, while the A~2B~ and A~3~ receptors have a lower affinity with this nucleoside. Nevertheless, the role of these two last receptors would be important in physiological process or on pathological situations stress where the concentration of adenosine greatly increase \[[@r34]\].

The distribution of adenosine receptors in different tissues is shown in Table **[1](#T1){ref-type="table"}**. These results were based on detection of the protein by radioligand binding or detection of its mRNA by RT-PCR \[[@r7]\].

3. Methods of synthesis of Adenosine Derivatives, interaction with specific receptors or targets and physiological actions {#sec3}
==========================================================================================================================

In 1930, Honey and colleagues first described properties of adenosine (1) to block conduction in the atrioventricular node in the human heart, a finding that inaugurated research on adenosine and its derivatives as cardiovascular drugs \[[@r9]\]. Consequently, some of the methods and/or techniques used for the synthesis of multiple adenosine derivatives are explained in the following sections \[[@r14]-[@r86]\].

3.1. Adenosine Derivatives by Substitution Reactions {#sec3.1}
----------------------------------------------------

Some researches, as Cristalli *et al.*, reported the formation of a series of derivatives of 2-alkynyladenosine and  2-alkynyladenosine-5\'-N-ethyluronamide. The first series was performed by palladium-catalyzed cross-coupling reaction; the second reaction was carried out by a similar

cross-coupling reaction between the terminal alkynes and  a new nucleoside N-ethyl-1\'-deoxy-1\'-(6-amino-2-iodo  -9H-purine-9-yl)-*β*-D-ribofuranuronamide \[[@r45]\]. The 5\'-N-ethyluronamide derivatives show higher affinity for adenosine receptor A~2~ whereas the A~1~ receptor affinity was lower. A similar pattern was observed in the adenylate cyclase assays and platelet aggregation studies. Similarly, has been proposed a synthesis of 2-substitution of N^6^-benzyladenosine-5\'-uronamides analogs as agonists of the A~3~ receptor (Fig. **[3](#F3){ref-type="fig"}**). This reaction was proposed in 10 stages using methyl-*β*-D-ribofuranoside (2) as precursor wich was subjected to this nucleophilic substitution reaction \[[@r46]\].

Van Schaick *et al.,* proposed that adenosine derivatives apply a series of 8-alkylamino of N^6^- cyclopentyladenosine, wich were proved to be partial agonists with the A~1~ receptor type cardiovascular through *in vivo* tests \[[@r47]\]. The synthesis of such series was conducted through three routes identified and described by Roelen *et al.* \[[@r48]\], which are broadly summarized as follows:

1.  Introduction of an alkylamino on N^6^-derivative-8-halideadenosine.

2.  The second synthetic route occurs through the introduction from 6-alkylamino substituent on 8-aminoalkyl-6-ribose chloropurine derivative, as key intermediates.

3.  The last synthesis route was a selective introduction of the alkylamino substituent at 6, 8-dichloropurine riboside, producing a key intermediate radical.

Adenosine derivatives synthesized by these three routes were described and they have been grouped in Table **[2](#T2){ref-type="table"}**.

In addition, all compounds were tested in the radioligand binding to determine their affinities for adenosine receptors types A~1~ and A~2A~ in rat cerebral cortex and striatal cells, respectively \[[@r48]\].

Such methods applied for the synthesis of derived compounds showed advantages involving partial agonist function proving to be more potent than -C^8^monosubstituted derivatives series nucleoside with an additional gain in selectivity of the A~1~ receptor. However, while these synthetic routes give easy access to the preparation of compounds, the yields were low despite being highly selective with A~1~ receptor (6-10 compounds). The others showed a higher or moderate yield, but with less interaction power with that A~1~ receptor (11-14 compounds) \[[@r48]\].

On the other hand, Volpini *et al.* \[[@r3]\] give reports on their mechanisms of synthesis for to obtain N^6^-adenosine derivatives-alkyl-2-alkynyl, showing potential agonist action and selectivity on A~3~ adenosine receptors. The synthesis was performed for two series of derivatives compounds of adenosine, which were 2-alkyladenosine and 2-alkynyl-N^6^-alkyladenosine (22), which was conducted from 9-(2,3,5-tri-*O*-acetyl-*β*-D-ribofuranolsyl)-6-chloro-2-iodopurine (20). In this synthesis, compounds were obtained by selective substitution of the chlorine atom in 6-position while considering protection of the sugar as it is shown in [Fig. (**[4](#F4){ref-type="fig"}**)](#F4){ref-type="fig"}.

Therefore, for the formation of 5\'-N-ethylcarboxami-doadenosine derivatives the 10 stages were required to obtain 2-alkynyl-(hexynyl-, phenylethinyl- (*R*,*S*)-phenylhy-droxypropynyl-) adenosine, having one methyl, ethyl or isopropyl on N^6^ position \[[@r3]\]. These showed a greater affinity for the A~3~ receptor and even when they were substituted by methyl and they resulted in a significant improvement over the selectivity when interacting with the receptor. Besides, according to the yields reported would be the higher the molar mass or larger the substituent, the lower the performance. In addition, those that experienced ethyl or isopropyl substitution have high affinity for A~3~ but presented a decrease in selectivity for A~1~/A~3~ and A~2A~/A~3~. In the proposed synthesis routes, tri-substituted compounds were also formed, which showed a reduced affinity for both subtypes A~1~ and A~3~ receptors and as well as less A~2~ receptor activity. Such pharmacological tests were carried out in rat ovary cells transfected with human adenosine receptors \[[@r3]\].

Further, researchers reported the synthesis of a series of 2-substitution-N^6^-methyladenosine derivatives in which affinity and selectivity were evaluated by the type A~3~ adenosine receptors in humans \[[@r49]\]. In the same way, Volpini's studies unveiled the synthetic methodology based on 9-(2,3,5-tri-*O*-acetyl-*β*-D-ribofuranosyl)-6-chloro-2-iodopurine (20); -alkynylate and 2-triazole-substituted as the starting precursors. The (1.3)-cycloaddition underwent a water/butanol as mixture solvents and a simple isolation to obtain the desired compounds that were precipitated by this reaction medium \[[@r3]\] (Fig. **[5](#F5){ref-type="fig"}**). Meanwhile, described the production of more 4-substituted 2-(1,2,3)-triazole-1-yl-N^6^-methyl adenosine analogs (26) *via* \[3+2\] Huisgen cycloaddition. Some of these derivatives showed partial agonist actions and other antagonists (those that remained intact in the molecular structure of the ribose). Then, the derivatives were tested in Chinese cells hamster ovary (CHO) \[[@r49]\].

Moreover, there is a report regarding the synthesis substitution at 2-position of adenosine \[[@r50]\]. The processes were carried out according to the general method Ueeda *et al.,* and it was of a nucleophilic substitution by an appropriate alkoxy ion (as 1,2-dimethoxyethane) to replace 2-chloroadenosine, which protected the ribose \[[@r51]\]. Thus, the products formed include derivatives of 2-alkyloxy ethers, derivatives of 2-alkylaryl, mainly including ethers, an amino derivative and a thioether, which were compared with two similar 5\',8-cycle and standardized four references. In general, this modified nucleoside, which first occurs with ether groups, demonstrated the affinity for A~3~ adenosine receptor and these compounds were tested on CHO cells, as well as Cosyn\'s studies \[[@r50]\].

Also, there is a report of a synthesis of several series of adenosine analogs, resulting from condensation reactions between the precursor 6-chloropurine riboside (26) with a respective amine, undergoing nucleophilic substitution at the N^6^-position of nucleoside in absolute ethanol and triethylamine as the base acceptor \[[@r52]\]. These compounds were isolated and then purified by crystallization in order to be elucidated through mass spectrometric and nuclear magnetic resonance spectroscopy. The [Fig. (**[6](#F6){ref-type="fig"}**)](#F6){ref-type="fig"} shows a series of compounds that were obtained with linear chain substitutions and others with branched substituents with one or more hydroxyl groups, amino groups, unsaturated chains or cyclic substituents with aromatic rings. Such analogs were tested in cell lines of bladder carcinoma T~24~ and J~82~ types as well as colon and breast, showing anti-proliferative activities in all cases \[[@r52]\].

Others compounds of type N^6^-substituted adenosines based on a regioselective 1-N-alkylation through Dimroth rearrangement were synthesized for the formation of biologically important of N^6^-benzyladenosine, N^6^-isopentenyl-adenosine, and their synthetic analogs \[[@r79], [@r83]\].

From a bioinformatic point of view, compounds 6-substituted adenosine-5\'-N-ethyluronamide analogs were studied through molecular coupling (docking) with the A~3~ adenosine receptor \[[@r71]\]. Basically, these experiments of theoretical calculations filtered and selected those molecular structures that contained different substituents at the 6-position of purine ring. The molecules that presented the best interactions and contacts with the amino acid residues in the active site of receptor were the candidates to be synthesized chemically \[[@r71]\]. Under a similar context, other researches colleted information about of modeling-based and guided strategies that allowed the elucidation the binding of a pool of different agonists and antagonist through a extensive Site-Directed Mutagenesis (SDM) studies, in order to discuss about of the structure-activity relationships (SAR) of nucleosides binding were probed in great detail on the A~3~ adenosine receptor \[[@r82]\].

On the other hand, the synthesis of a novel N^6^-biotinylated-8-azido-adenosine probe (AdoR probe) (28) has being described by Mahajan *et al.* during the year 2015. This compound was synthesized starting from commercially available inosine, which was subjected to previous modifications in the zone of ribose. Subsequently, the substitution reactions on 6-position with mono-N-Boc-1,6-diaminohexane at -10°C gave the product. Immediately, through a reaction with CsN~3~ and (CH~3~)~3~SiN~3~ in dioxane under reflux generated the 8-azido group in the compound \[[@r74]\]. The chemical structure of the synthesized probe (28) is shown in [Fig. (**[7](#F7){ref-type="fig"}**)](#F7){ref-type="fig"}.

In the same period, the synthesis of novel nucleoside analogues compounds were published, using guanosine as precursor \[[@r75]\]. First, halogen atom was incorporated at the 2-position of this base purine. Subsequently, protection of the 3'-OH and 5'-OH groups and oxidation of the 2'- OH group were performed to the corresponding carbonyl group using oxalyl chloride as reagent under the conditions ofSwern method \[[@r76]\]. After, through Wittig reaction conditions the conversion of the carbonyl group to the methylene function on the 2'-keto derivatives were achieved using triphenylphosphonium bromide and butyllithium in this reaction. The final compounds were prepared by means of nonaqueous diazotization, which were subjected to *in vitro* antileukemic and antiviral activity upon a new L1210 cell line. It showed potent antileukemic activity because these compounds inhibited the M~1~ subunit of the ribonucleotide reductase enzyme \[[@r75]\].

Finally, in this context we can mention the synthesis of purine nucleoside and 7-deazapurine analogues of N^6^-(4-nitrobenzyl) adenosine (33) \[[@r78]\]. These compounds were prepared by two procedures. The first step involved an alkylation of the 7-deazaadenosine antibiotics at N^3^ position with a benzyl bromide followed by a base-promoted Dimroth rearrangement \[[@r79]\]. For the second step, diazotization--fluorodediazoniation followed by S~N~Ar displacement of fluoride with a benzyl amine was used (Fig. **[8](#F8){ref-type="fig"}**). These compounds were tested on a pool of cell lines to assess inhibition of cell proliferation and nucleoside transport recombinant hENT1 produced in the *Xenopus oocyte heterologous* expression system. However, none of them exhibited inhibitory activity against such systems \[[@r78]\].

3.2. Adenosine Derivatives by Complexation Reactions {#sec3.2}
----------------------------------------------------

Another method that escaped from the nucleophilic substitution is one in which commercial adenosine interacts with a transition metal compound to produce a complex compound. Rather, adenosine is subjected to complexation reaction with tetraaceticdiruthenium chloride (II, III) (\[Ru~2~(CH~3~CO~2~)~4~Cl\]) in aqueous solution to form the derivative \[Ru~2~(CH~3~CO~2~)~4~ (C~10~H~13~N~5~O~4~)~2~\]Cl (34) \[[@r53]\]. In this case, the derivative of the reaction resulted from a high yield, elucidated by spectroscopic techniques (H^1^-NMR, UV visible and atomic absorption) and also tested in E. coli as bactericides. This reaction showed their limitations, which were the carcinogenic properties of ruthenium metal present in the complex compound (Fig. **[9](#F9){ref-type="fig"}**) \[[@r53]\].

Similarly, to perform a general process for producing an appropriate interaction of a precursor as a purine base, an excess of amine in an excess of triethylamine yields compounds derived from N^6^-(substituted-benzyl) adenosine and 2-chloro-N^6^-(substituted-benzyl) adenosine, which act as ligands N-donor within the structures of trans - platinum (II) and the respective result from the complexation reaction \[[@r54]\]. Such complexes are elucidated on an elemental analysis (Pt-NMR, MS) and then examined on two human cancer cell lines: osteosarcoma (HOS) and breast adenocarcinoma (BCF-7). However, such complexes, although not being cytotoxic, present inactivity against tumor cell lines when applied to both \[[@r54]\]. Although the following year Štarha *et al.* performed a complex synthesis of adenosine derivatives again using the reaction of potassium bis-(oxalato)platinate (II) with the corresponding N^6^-benzyladenosine derivative (*n*L) which provided the \[Pt(ox)(*n*L)~2~\].1,5 H~2~O oxalato (ox) complexes (35-39) (Fig. **[10](#F10){ref-type="fig"}**) under a synthetic procedure "one-step". These complex compounds were screened for their cytotoxicity *in vitro* against two human cancer cell lines (HOS osteosarcoma line cell and MCF-7line cell of breast adenocarcinoma). Nevertheless, the results were not so promising because they did not show any effect up to the concentration of 50.0 μM or 20.0 μM \[[@r55]\].

3.3. Adenosine Derivatives by Conjugation and Coupling Reactions {#sec3.3}
----------------------------------------------------------------

According to some studies, it has been possible to understand the synthesis of adenosine derivatives through alternative routes such as acylation, reduction and deprotection reactions. It occurs in the synthesis proposed by Lescrinier *et al.*, which is based on a coupling reaction involving a reduction of N^6^-acylated 2\',3\'-*O*-isopropylidene adenosine (41) with LiAlH~4~ followed by the removal of the isopropylidene group protection \[[@r56]\]. The derivatives obtained by this group of researches are described in [Fig. (**[11](#F11){ref-type="fig"}**)](#F11){ref-type="fig"}.

Under this same synthetic line, some products were identified being nucleotides obtained as adenosine derivatives and which can act as transcriptional primers. These derivatives corresponded to a series of amino adenosine compounds, which were synthesized by a method assisted from 5\'-aminophosphoramidate and water-soluble carbodiimide, generating a direct coupling of diamines with AMP \[[@r57]\]. Fundamentally, chlorophosphorylation of 6-chloropurine riboside was carried out, followed by hydrolysis of 6-chloropurine riboside-5-monophosphate and a displacement or substitution of 6-chloride diamines later, obtaining N^6^-adenosine derivatives. Subsequently, two series of adenosine nucleotides were synthesized which were coupled and conjugated to groups of fluorescein and biotin at the extreme 5' or at the N^6^ position, through linkers of different sizes and hydrophobicities. Both adenosine nucleotides series could act as efficient transcription initiators, producing fluorescein-labeled and biotin-labeled RNA at the extreme 5\'-end under a "*one-step*" procedure, eliminating post-transcriptional modification \[[@r57]\].

During 2015, six compounds which corresponded to the 5\'-(N-aminoacyl)-sulfonamido-5\'-deoxyadenosine (aaSoA) series (47-52), analogous to the aminoacyl-sulfamoyl adenosine compounds (aaSAs) and their peptidyl conjugates, were synthesized. The synthesis was based on coupling reactions (*via* Mitsonobu reaction \[[@r61]\]), ammonolysis and oxidative chlorination, for obtain the different sulfamides that were used as precursors for the condensation and hydrogenolysis reactions, obtaining 5\'-*O*-(N-L-aminoacyl)-sulfamoyl adenosines (aaSAs) (Fig. **[12](#F12){ref-type="fig"}**). These synthetic steps were carried out with the aim of inhibiting the enzyme aminoacyl tRNAsynthetase (aaRS) on bacterias. However, these new compounds were not able to inhibit the corresponding aaRS \[[@r67], [@r58]\].

Along this same line, methods of synthesis have been described and trials methods have improved for preparing conjugates of adenosine for use as initiators of transcription in the *in vitro* synthesis of 5\'-RNA modified by a specific type of RNA polymerase (T~7~). Such conjugates were of the adenosine methods described by Laing *et al.* These methods involved two synthetic steps: (i) preparation of a linker amino terminus of AMP and (ii) binding of the conjugate group (typically an activated ester derivative) to the free diamine linker \[[@r59]\]. Thus, the synthesis of compounds achieved were folate-adenosine-5\'-(13-amino-4,7,10-trioxa tridecyl) phosphoramidate conjugates and folate-adenosine-5\'-(6-aminohexyl) phosphoramidate (55) which were purified by HPLC (column BoronateAffi-Gel), lyophilized and elucidated by mass spectrometric positively (Fig. **[13](#F13){ref-type="fig"}**). The proposed advantage of this latter method is that it allows the rapid preparation of large amounts of conjugates in high yields. Even purity can be readily adapted for the preparation of conjugates of adenosine with a variety of linkers of diamine, giving the flexibility to choose desired length, hydrophobicity/hydrophilicity, flexibility/stiffness or other properties that may be desirable for the intended application \[[@r59]\].

Panda's studies show the synthesis of adenosine derivatives based in a synthetic strategy for the desired homologated apio adenosine derivatives involved a controlled oxidative rupture of vicinal diol and condensation of the homologated glycosyl donor with a purine base under Mitsunobu condition as the key steps \[[@r60]\]. The reactions included couplings of glycosyl donor with 6-chloropurine giving rise to the first derivatives of such condensation. Then, these derivatives were subjected to condensation with 2,6-dichloro purine under Mitsunobu conditions \[[@r61]\] to produce derivatives of 2,6-dichloro purine, which were treated with 3-halobenzyl amines to give the corresponding products regioselectively substituted, resulting in the synthesis of homologated apio analogues of IB-MECA and Cl-IBMECA \[[@r60]\].

On the other hand, the synthesis of novel series of sulfamide adenosine derivatives obtaining pyroglutamyl fragment

(pGlu-SA) through direct and indirect synthetic route have been developed. First, the investigators showed that an amine (5\'-amino-5\'-deoxyadenosine) with L-pyroglutamic acid (63) undergoes coupling reactions resulting in a lactam adenosine conjugate (64). For the second case, the synthesis was performed through the coupling reaction of a sulfonamide adenosine derivative with Boc-L-Gln (Trt) -OH (61), involving intramolecular cyclization to form pGlu-SA (64) \[[@r70], [@r87]\]. Both methods are summarized in [Fig. (**[14](#F14){ref-type="fig"}**)](#F14){ref-type="fig"}.

These derivatives were synthesized with the aim to inhibit the protein translation and the activity of cognate aminoacyl tRNAsynthetases, while simultaneously trying to find out new anticancer and antiviral drugs \[[@r70]\].

Several 8-brominated or 8-aminated adenosine derivatives with different substituents at 5'-C were biologically tested on IspE protein from the non-mevalonate pathway. These compounds were synthesized from isopropylidene-protected adenosine, then were oxidized to carboxylic acid and amide-coupling using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) and p-nitrophenol. Finally, the compound was subjected to deprotection with TFA. However, these compounds when were evaluated biologically, displayed very little to no inhibitory activity on IspE against *E. coli* and *P. falciparum* \[[@r72]\].

Meanwhile, others authors performed a synthesis of a series of truncated N^6^-substituted-4′-oxo- and 4′-thioadenosine derivatives, where lithiation-mediated stannyl transfer was used and palladium-catalyzed cross coupling reactions were utilized for functionalization of the 2-C position of  6-chloropurine nucleoside forming compounds with substitution on 2-C or 8-C position. These compounds were synthesized in order to examine the structure activity relationships of this class of nucleosides as dual acting A~2A~ and A~3~A receptors ligands \[[@r73]\].

Furthermore, the synthesis of compounds 7-deaza analogues were constructed by a retrosynthetic analysis. The N^1^-carbocyclic ribosyl-7- deazaadenosine structure was obtained from of condensation between the2,3-disubstituted pyrrole nucleoside and the carbocyclic ribosylamine \[[@r77]\]. Subsequently, this allowed the synthesis of 7-deaza-cyclic adenosine-5′-diphosphate-carbocyclicribose through an Ag^+^-promoted intramolecular condensation to construct the 18-membered pyrophosphate ring structure (Fig. **[15](#F15){ref-type="fig"}**). Likewise, some researches synthesized its 7-bromo derivative compound. When performing a biological evaluation of these compounds, these researches determined that 7-deaza-cyclic adenosine-5′-diphosphate-carbocyclicribose and 7-deaza-7-bromo-cyclic adenosine-5′-diphosphate-carbocyclicribose acted as a full agonist and a partial agonist in Ca^2+^ mobilizing activity which was fluorometrically monitored with *Hemicentrotus pulcherrimus* sea urchin egg homogenate \[[@r77]\].

Others studies showed the mechanism of obtainment of some adenosine etheno derivatives and other nucleosides. Basically, Jahnz-Wechmann *et al.,* presented a literature compilation on the general method of synthesis of such derivative \[[@r80]\]. These researches focused on the reaction mechanism that was generated on the ring of nucleosides. In the case of etheno adenosine derivatives (1, N^6^-ethenoadeno-sine) were obtained by reaction with *alpha*-halocarbonyl group (haloketones or haloaldehydes), although other studies with reagents of a similar nature, such as bromomalonaldehyde, N-(*tert*-butoxycarbonyl)-2-bromoacetamide and 2-chloroketenene diethyl acetal, malonaldehyde, epoxy carbonyl compounds, 1-halooxiranes, 1,2-dicarbonyl reagents and *via* a copper-catalyzed domino Michael oxidative cross-coupling with nitroolefins \[[@r81]\].

As an additional data, more recent studies have shown the application of an adenosine derivative, IFC-305, which is the aspartate salt of adenosine prepared with adenosine freebase, obtained through of coupling and substitutions reactions differents. This drug was tested on hepatocellular carcinoma (HCC) through of *in vitro* and *in vivo* assays, showing an important hepatoprotective role \[[@r84], [@r85]\]. In addition, there are researchers who have synthesized and evaluated through of structure-activity relationship (SAR) an expanded class of nucleosides. These compounds lost their affinity for A~3~AR, after being modified in specific areas. The general synthesis was based on different reaction stages that involving oxidation, substitution nucleophilic aromatic and coupling on precursor reagents that contained methanocarba ring and other ribose ring \[[@r86]\]. In [Fig. (**[16](#F16){ref-type="fig"}**)](#F16){ref-type="fig"} it is showed the compound that acted as selective and allosterically modulate to Dopamine Transporter (DAT), in micromolar range, compared to A~3~AR. This would be useful as research tools to study the structure and function of DAT that expect a greater effectiveness in the treatment depression and other disorders associated with dopamine (DA) deficiency \[[@r86]\].

Thus, the actions of the various series of adenosine derivatives investigated in the past 30 years are summarized in Table **[3](#T3){ref-type="table"}**, briefly describing precursors; types of reaction involved for obtaining analogs, and applied biological assays of the respective series.

4. Potential therapy of compounds derived from adenosine on tumor and glioblastomas cells {#sec4}
=========================================================================================

During the last decade, different approaches have been developed for the treatment of cancer, mainly based on specific objectives that target tumors. It also is recognized that individualized therapy for that patient suffering from the disease, has usually been an important goal that leads to the prediction of effective agents or drugs for treatment \[[@r37]\].

Cancer is a serious health problem for humanity, with high rates of incidence and mortality. At present, cancer is the third leading cause of death, and it is estimated that in 2007 there were over 12 million new cases and 7.6 million people died worldwide. For the year 2030, it is estimated that there will be 26 million new cases and 17 million deaths annually \[[@r62]\]. However, in Chile, the cancer mortality rate is 119.4 per 100,000 people representing 23% of all deaths, for instance, a mortality rate of brain cancer that fluctuates between 1-2 patients per 100,000 people \[[@r64]\]. Similarly, it is important to know that the current note that currently the management of patients with brain tumors is primarily excision followed by chemotherapy, radiotherapy or both. However, an important limitation is that there are a few cases where it can be removed by surgery, which inevitably leads to relapse and metastasis, significantly reducing patient survivals, becoming a disease of poor prognosis \[[@r63], [@r64]\]. Therefore, the search for new therapeutic alternatives is currently a priority health issue that has involved both testing combinations of existing and new generational drugs based on rational approximations. Here, the evaluation of adenosine as adjunctive therapy \[[@r22], [@r23]\] promises to have a significant impact on the treatment of certain cancers, although the transfer of the results to clinical practice require a deeper understanding of how adenosine regulates the process of tumorigenesis \[[@r5]\].

Thus, glioblastoma (GB) is considered a diffuse infiltrative glioma with anaplastic changes. It has a high proliferative potential, areas of necrosis and high degree of vascularization \[[@r65], [@r66]\]. Rather, glioblastoma multiforme is the most common and aggressive glial tumors of the central nervous system, grade IV glioma derived from a previous grade II or III or reappears, being highly invasive, angiogenic and incurable \[[@r65]\]. High-grade glioma corresponds to 25% of primary tumors of the central nervous system. The overall survival of these patients is estimated between 1-2 years, half of all patients die within the first year of diagnosis \[[@r66]-[@r69]\].

Therefore, it has been reported that adenosine receptors (ARs) are active entities as mediators of tumor growth. Including immune cells such as lymphocytes, macrophages and natural killer cells. Some researchers also report the expression of adenosine receptors and their ability to act as cytotoxic cells against tumor cells \[[@r37]\]. Practically, after receptor activation, several transduction pathways signals are generated, resulting in a direct inhibitory effect on tumor growth and other types of cells such as immune cells or endothelial cells. They can respond to receptor activation by the release of cytokines and mediators that indirectly affect tumor growth \[[@r4]\]. Thus, Gessi and his team conclude that all adenosine receptors are potential targets for the development of new approaches to cancer treatment \[[@r1]\].

Moreover, the effect of adenosine and its agonists/ antagonists on tumor cells depends on their extracellular concentrations and expression of the different subtypes of this nucleoside (ARs) \[[@r5]\]. Therefore, this implies that adenosine, acting through A~1~, glioblastoma growth alters \[[@r1]\] or better understands how the signaling pathways of A~1~ receptors modulate glioblastomas development may lead to slowing the progression of this disease \[[@r38]\].

Regarding adenosine analogs reported to date, some of the N^6^- alkyladenosine derivatives have had antiproliferative activity \[[@r52]\]. Likewise, derivatives of 5\'-N-methylcarba-moyladenosine (MECA), such as 2-chloro-N^6^-2-iodobenzyl)-5\'-N- methylcarbamoyladenosine that are A~3~ receptor agonists and inhibit nanomolar tumor cell growth and even induce apoptosis \[[@r2]\], adenosine-3\',5\'-cyclic monophosphate analogs, such as 8-Cl-cAMP, also contribute to the decrease in cell proliferation \[[@r23]\].

However, other studies suggest that one of the strategies to optimize the treatment of brain cancer (as glioblastomas) would inhibit the function of the enzyme ecto 5\'-nucleotidase CD~73~ (AMP hydrolyzing enzyme). Enzyme production decreases and inhibits adenosine function specific transporters, resulting in an increased bioavailability and effectiveness of antineoplastic drugs \[[@r67], [@r68]\]. Such an effect is achieved with a competitive inhibitor, adenosine derivative, called *α*,*β*-methylene-adenosine (AOPCP), obtaining as a significant result in the reduction of cell proliferation \[[@r68]\].

Other studies have shown that a novel N^6^-biotinylated-8-azido-adenosine probe (AdoR probe) was synthesized and analyzed in a lysate derived from mouse neuroblastoma N18TG2line cells, demonstrating an improvement in sensitivity for detection of AdoR-binding proteins compared to the non-labeled proteome \[[@r74]\].

Conclusion
==========

In conclusion, adenosine has to be characterized as the natural metabolite and plays a role in several physiological and pathological conditions, such as inhibition of platelet aggregation, regulation of endothelial permeability, after stroke cardioprotection, vasodilation, mast cell activation processes, stimulation of epithelial chloride secretion, lipolysis, anti-inflammatory mediator, antitumor activity and angiogenesis stimulator.

This makes that adenosine and certain derivatives thereof have an inhibitory effect on the growth of tumor cells, which is mediated mainly *via* the A~3~ adenosine receptor or microglial cells in the development of glioblastomas, where pathways type receptors A~1~ modulates glioblastoma development, reducing the progression of this disease. Finally, the various synthetic techniques compiled from 1992 to date, allow the obtainment of multiple varieties of nucleoside analogues where those resulting substitution reactions (mono, double or triple) prove to be more effective than complexation or coupling.

This research was conducted according by professor PhD. Margarita Gutiérrez, academic professor and tutor, Instituto de Química de Recursos Naturales, Universidad de Talca. Also, the first author is grateful to the support of CONICYT through doctoral research grant Nº 21130335 and Programa de Investigación Asociativa en Cáncer Gástrico (PIA-CG, RU2107) Utalca Project.
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![Structure of adenosine \[[@r31]\].](MRMC-18-1684_F1){#F1}

![Figure Schematic representation of metabolic routes adenosine levels (Source: *Parkinson et al.* \[[@r33]\]).](MRMC-18-1684_F2){#F2}

![General synthesis of 2-substitution of N^6^-benzyladenosine- 5'-uronamides (**5**). *Reagents and conditions*: (i) TBDPSiCl, DMAP, DMF, r.t.; (ii) Bz~2~O, Py; *n*-Bu~4~NF, THF; (iv) RuO~2~, NaIO~4~, CHCl~3~:CH~3~CN:H~2~O (2:2:3); (v) EDAC, DMAP, MeOH; (vi) MeNH~2~, THF, 75ºC; (vii) BzCl, Py--CH~2~Cl~2~; (viii) Ac~2~O, H~2~SO~4~, AcOH; (ix) TMSOTf, (1,2)-dichloroethane; reflux.9-silylated adenine derivative; (x) NH~3~/MeOH, nucleophile. (Source: Modified from Kim *et al.*, \[[@r46]\]).](MRMC-18-1684_F3){#F3}

![General synthesis of N^6^-alkyl-2-alkynyl adenosine derivatives (**22**). *Reagents and conditions*: (i) amine, (ii) R-C≡CH, CuI, \[(C~6~H~5~)~3~P\]~2~PdCl~2~, Et~3~N (Source: Modified from Volpini *et al.*, \[[@r3]\]).](MRMC-18-1684_F4){#F4}

![Synthesis of 4-substituted-2-(1,2,3)-triazole-1-yl-N^6^-methyl adenosine analogues (**26**). *Reagents and conditions*: (i) CH~3~NH~3~^+^Cl^--^, Et~3~N, EtOH; (ii) NH~3~ (7N) /MeOH; (iii) CuI, (Ph~3~P)~2~PdCl~2~, alkyne, Et~3~N, DMF; (iv) CuSO~4~⋅5H~2~O, sodium ascorbate, *L*-proline, Na~2~CO~3~, H~2~O/*t*-BuOH (1:1), 60 ºC; (v) CuSO~4~⋅5H~2~O, sodium ascorbate, alkyne, H~2~O/*t*-BuOH (3:1), r.t. (Source: Modified from Cosyn *et al.,* \[[@r49]\]).](MRMC-18-1684_F5){#F5}

![General synthesis of N^6^-alkyladenosine derivatives (**27**) (Source: Modified from Ottria *et al.,* \[[@r52]\]).](MRMC-18-1684_F6){#F6}

![Chemical structure of AdoR probe (Source: Obtained from Mahajan *et al.,* \[[@r57]\]).](MRMC-18-1684_F7){#F7}

![General synthesis of N^6^-(4-nitrobenzyl) adenosine (**33**) (Source: Modified from Rayala *et al.,* \[[@r60]\]).](MRMC-18-1684_F8){#F8}

![Chemical structure of adenosine derivative of tetraacetatodiruthenium (II, III) chloride (Source: *Gangopadhyay et al.* \[[@r61]\]).](MRMC-18-1684_F9){#F9}

![Structural formula of the prepared platinum (II) oxalato complexes \[Pt(ox)(*n*L)~2~\].1,5H~2~O (Source: Modified from Štarha *et al.* \[[@r62], [@r63]\]).](MRMC-18-1684_F10){#F10}

![Synthesis of 5'--aminoacyl--5'--deoxy-nucleosidesulfonamide (**47**-**52**).*Reagents and conditions*: (i) DMK, PTSA, DMP, r.t., 24 h; (ii) thioaceticacid, PPh~3~, DEAD, THF, 0ºC, 1.5 h; (iii)NH~3~/MeOH, 0ºC to r.t., overnight; (iv) CH~3~CN/AcOH/H~2~O (40:1.5:1 v/v) DCDMH, 1h; (v) NH~3~, 0ºC to r.t., 1h; (vi) Boc/Cbz-aa-(tBu/Bn)-OSu, DBU, DMF; 6-8 h; (vii) TFA/H~2~O (5:2 v/v), r.t. 2.5 h;(viii) Pd/C, methanol,HOAc, H~2~, r.t. overnight. (Source: Modified of Gadakh *et al.,* \[[@r67]\]).](MRMC-18-1684_F12){#F12}

![General synthesis of N^6^-alkylated adenosine derivatives (**43**). *Reagents and conditions*: (i) acylating agent-benzoyl chloride; (ii) 1,4-dioxane, LiAlH~4~; (iii) 80% HOAc, 75ºC. (Source: Modified from Lescrinier *et al.* \[[@r64]\]).](MRMC-18-1684_F11){#F11}

![General methods of two steps for the preparation of 5'-adenosine linker conjugate (**55**). *Reagents and conditions*: (i) methylimidazole, EDC, diamine, r.t., pH: 6.2-6.8; (ii) folic acid, NHS, EDC, r.t., pH=7.5 (Source: Modified of Laing *et al.,* \[[@r68]\]).](MRMC-18-1684_F13){#F13}

![General synthetic routes of pGlu-SA (**64**) (Source: Modified of Kaybullin *et al.,* \[[@r70]\]).](MRMC-18-1684_F14){#F14}

![Structures of 7-deaza-cyclic adenosine-5′-diphosphate-carbocyclicribose and its 7-bromo derivative (Source: Takano *et al.,* \[[@r74]\]).](MRMC-18-1684_F15){#F15}

![Chemical structures of two N-methanocarba 5'-ester adenosine derivatives (Source: Tosh *et al.,* \[[@r79]\]).](MRMC-18-1684_F16){#F16}

###### 

Distribution of adenosine receptors in different tissues.

  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
                     **Adenosine Receptors Distribution in Tissues**                                                                                                                                                                                                                                                        
  ------------------ ----------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------ ------------------------------------------------------------------------------------------------------------------
  **High up**        Brain (cortex, hippocampus, cerebellum, sheet spine, eyes, atria and adrenal gland (adrenal).                     Thymus, leukocytes (lymphocytes and granulocytes), platelets, spleen, GABAergic and olfactory bulb.   Cecum, colon,\                                                                 Mast cells, testis. (Rat)
                                                                                                                                                                                                                                             bladder.                                                                       

  **Intermediate**   Other brain regions, skeletal muscle, liver, kidney, adipose tissue, salivary glands, esophagus, colon, testis.   Heart, lung, blood vessels, peripheral nerves.                                                        Lung, blood vessels, eyes, mast cells.                                         Cerebellum, hippocampus, microglial cells, lung, spleen, pineal.

  **Low**            Lung (but probably high in bronchi), pancreas.                                                                    Other brain regions.                                                                                  Adipose tissue, adrenal gland, brain, kidney, liver, ovary, pituitary gland.   Thyroid, other cerebral regions, adrenal gland, spleen (human), liver, kidney, heart, intestine, testes (human).
  --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(Source: Modified from Fredholm \[[@r8]\]).

###### 

C^8^-amino-N^6^-disubstituted adenosine derivatives.

            **Route**             **Derivative**        **R~1~ (N^6^)**
  --------- --------------------- --------------------- -----------------
  **I**     6                     Cyclopentyl           -CH~3~
  7         Cyclopentyl           -CH~2~-CH~3~          
  8         Cyclopentyl           \- (CH~2~)~2~-CH~3~   
  9         Cyclopentyl           \- (CH~2~)~3~-CH~3~   
  10        Cyclopentyl           Cyclopentyl           
  **II**    11                    -CH~3~                Cyclopentyl
  12        -CH~2~-CH~3~          Cyclopentyl           
  13        \- (CH~2~)~2~-CH~3~   Cyclopentyl           
  14        \- (CH~2~)~3~-CH~3~   Cyclopentyl           
  **III**   15                    -H                    -CH~3~
  16        -H                    -CH~2~-CH~3~          
  17        -H                    \- (CH~2~)~2~-CH~3~   
  18        -H                    \- (CH~2~)~3~-CH~3~   
  19        -H                    cyclopentyl           

(Source: Modified from Roelen *et al*. \[[@r48]\]).

###### 

Summary of synthetic adenosine derivatives, methods and physiological action of the last 25 years.

  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  **Adenosine Derivatives by Substitution Reactions**                                                                                                                                                                                                                                                                                           
  ---------------------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------- ---------------------------
  C^8^-amino-N^6^-disubstitution adenosine                                           **Precursors:**\                                                                                                                                                                             A~1~ and A~2A~ receptors                                      \[[@r48]\]
                                                                                     • N^6^-derivative-8-halide adenosine.\                                                                                                                                                                                                                     
                                                                                     • 8-aminoalkyl derivative 6-chloropurine riboside\                                                                                                                                                                                                         
                                                                                     • 6,8-dichloropurine riboside.\                                                                                                                                                                                                                            
                                                                                     **Reaction type:** Double selective substitution.\                                                                                                                                                                                                         
                                                                                     **Essay:** rat cerebral cortex cells and striated                                                                                                                                                                                                          

  • 2-alkyladenosine\                                                                **Precursors:**\                                                                                                                                                                             A~2~ and A~3~ receptors                                       \[[@r3], [@r45], [@r46]\]
  • 2-alkynyl-N^6^-alkyladenosine.\                                                  • 9-(2,3,5-tri-*O*-acetyl-β-*D*-ribofuranosyl)-6-chloro-2-iodopurine.\                                                                                                                                                                                     
  • Adenosine-5\'-N^6^-ethyluronamide                                                • 2-iodoadenosine\                                                                                                                                                                                                                                         
                                                                                     • 2-iodine-N^6^-alkyladenosine\                                                                                                                                                                                                                            
                                                                                     **Reaction type:** Double and triple selective substitution.\                                                                                                                                                                                              
                                                                                     **Essay:** Rat ovary cells transfected with human recombinant DNA (adenosine receptors) and platelet.                                                                                                                                                      

  2-Substitution-N^6^-methyl adenosine.                                              **Precursor:**\                                                                                                                                                                              A~3~ receptor                                                 \[[@r49]\]
                                                                                     • 9-(2,3,5-tri-*O*-acetyl-β-D-ribofuranosyl)-6-chloro-2-iodopurine.\                                                                                                                                                                                       
                                                                                     **Reaction type:** Double and triple selective substitution.                                                                                                                                                                                               

  • 2-alkyloxy ether\                                                                **Precursor:**\                                                                                                                                                                              A~3~ receptor                                                 \[[@r50], [@r51]\]
  • 2-alkylaryl\                                                                     • 2-adenosine chlorine.\                                                                                                                                                                                                                                   
  • 2-amino ether\                                                                   **Reaction type:** Nucleophilic substitution.\                                                                                                                                                                                                             
  • 2-thioether                                                                      **Essay:** Rat ovary cells (CHO)                                                                                                                                                                                                                           

  • N^6^-alkyladenosine derivatives                                                  **Precursor:**\                                                                                                                                                                              Carcinoma cell lines                                          \[[@r52]\]
                                                                                     • 6-chloropurine riboside.\                                                                                                                                                                                                                                
                                                                                     **Reaction type:** Nucleophilic substitution.\                                                                                                                                                                                                             
                                                                                     **Essay:** Cell lines of bladder carcinoma T~24~ and J~88~ types.                                                                                                                                                                                          

  • N^6^-biotinyl-8-azidoadenosine probe                                             **Precursor:**\                                                                                                                                                                              Adenosine Deaminasa (cADA)                                    \[[@r57]\]
                                                                                     • Inosine\                                                                                                                                                                                                                                                 
                                                                                     **Reaction type:** Nucleophilic substitution.\                                                                                                                                                                                                             
                                                                                     **Essay:** Cell lines of bladder carcinoma T~24~ and J~88~ types.                                                                                                                                                                                          

  • 2'-deoxymethylene nucleosides                                                    **Precursor:**\                                                                                                                                                                              Ribonucleotide Reductase Enzyme (RNR)                         \[[@r58]\]
                                                                                     • Guanosine\                                                                                                                                                                                                                                               
                                                                                     **Reaction type:** Nucleophilic substitution;, oxidation by Swern method; methylenation by Wittig reaction and nonaqueous diazotization (substitution reaction)\                                                                                           
                                                                                     **Essay:** Mouse lymphocytic leukemia cell line (L1210)                                                                                                                                                                                                    

  • N-benzylated-7-deazaadenosine analogues                                          **Precursor:**\                                                                                                                                                                              hENT1 and pool cell lines                                     \[[@r74]\]
                                                                                     • Turbercidin\                                                                                                                                                                                                                                             
                                                                                     **Reaction type:** Alkylation and S~N~Ar\                                                                                                                                                                                                                  
                                                                                     **Essay:** Murine leukemia (L1210) cellsand human T-lymphocyte (CEM),cervix carcinoma (HeLa), prostateadenocarcinoma (PC-3), andkidney carcinoma (Caki-1) cells, and Nucleoside Transport.                                                                 

  **Adenosine Derivatives by Complexation Reactions**                                                                                                                                                                                                                                                                                           

  \[Ru~2~(CH~3~CO~2~)~4~(C~10~H~13~N~5~O~4~)~2~\] Cl                                 **Precursor:**\                                                                                                                                                                              *E. coli* bacteria                                            \[[@r61]\]
                                                                                     • Adenosine.\                                                                                                                                                                                                                                              
                                                                                     **Reaction type:** Complexation reaction\                                                                                                                                                                                                                  
                                                                                     **Essay:**Growing Escherichia coli.                                                                                                                                                                                                                        

  **Adenosine Derivatives by Complexation Reactions**                                                                                                                                                                                                                                                                                           

  **Adenosine Derivatives Series**                                                   **Methods of Synthesis and Biological Essay**                                                                                                                                                **Target Interaction**                                        **Refs.**

  • *Trans-*\[PtCl~2~(N^6^-(substituted-benzyl) adenosine)~2~\]*•*\*Solv.\           **Precursor:**\                                                                                                                                                                              Carcinoma cell lines                                          \[[@r62], [@r63]\]
  • *Trans-*\[PtCl~2~(2-chloro-N^6^-(substituted-benzyl) adenosine)~2~\]*•*\*Solv.   • K~2~\[PtCl~4~\]\                                                                                                                                                                                                                                         
                                                                                     • 6-chloropurine-9-ribose\                                                                                                                                                                                                                                 
                                                                                     • 2,6-dichloropurine-9-ribose.\                                                                                                                                                                                                                            
                                                                                     • Amine derivatives.\                                                                                                                                                                                                                                      
                                                                                     **Reaction type:** Complexation reaction.\                                                                                                                                                                                                                 
                                                                                     **Essay:** Osteosarcoma (HOS) and breast adenocarcinoma.                                                                                                                                                                                                   

  **Adenosine Derivatives by Conjugation and Coupling Reactions**                                                                                                                                                                                                                                                                               

  • N^6^-amino derivatives of adenosine 5\'- monophosphate.\                         **Precursor:**\                                                                                                                                                                              RNA                                                           \[[@r65]\]
  • 5\'-adenosine phosphoramidate amino derivatives\                                 • Diamines\                                                                                                                                                                                                                                                
  • 5\'-N^6^-fluorescein derivatives AMP\                                            • AMP\                                                                                                                                                                                                                                                     
  • 5\'- and N^6^ - biotin derivatives AMP                                           • 6-chloropurine riboside-5-monophosphate.\                                                                                                                                                                                                                
                                                                                     • 5(6)-carboxifluorescein-N- hydroxysuccinimide ester (FAM-SE).\                                                                                                                                                                                           
                                                                                     • Biotin N-hydroxysuccinimide ester (biotin-SE)\                                                                                                                                                                                                           
                                                                                     **Reaction type:** Coupling and direct displacement.\                                                                                                                                                                                                      
                                                                                     **Essay:** *In vitro* RNA transcription, Electrophoresis.                                                                                                                                                                                                  

  • Folate-adenosine-5\'-(13-amino-4,7, 10-trioxa tridecyl) phosphoramidate)\        **Precursor:**\                                                                                                                                                                              RNA                                                           
  • Folate-adenosine-5\'-(6-aminohexyl) phosphoramidate                              • AMP, N-methylimidazole and hidrochloruro N-(3-dimethylaminopropyl)-N\'-Ethylcarbodiimide (EDC).\                                                                                                                                                         
                                                                                     • Diamine\                                                                                                                                                                                                                                                 
                                                                                     • Folic acid.\                                                                                                                                                                                                                                             
                                                                                     • NHS\                                                                                                                                                                                                                                                     
                                                                                     **Reaction type:** Conjugation.\                                                                                                                                                                                                                           
                                                                                     **Essay:** RNA sequence *in vitro*                                                                                                                                                                                                                         

  • Homologated apio analogues of IB-MECA and Cl-IB-MECA                             **Precursor:**\                                                                                                                                                                              A~3~ receptor                                                 \[[@r69]\]
                                                                                     • IB-MECA and Cl-IB-MECA\                                                                                                                                                                                                                                  
                                                                                     • Glycosyl donor\                                                                                                                                                                                                                                          
                                                                                     • 2,6-dichloropurine\                                                                                                                                                                                                                                      
                                                                                     • 3-Halobenzyl amines\                                                                                                                                                                                                                                     
                                                                                     **Reactions types:**\                                                                                                                                                                                                                                      
                                                                                     • Controlled oxidative cleavage of vicinal diol.\                                                                                                                                                                                                          
                                                                                     • Mitsunobu condensation reactions.\                                                                                                                                                                                                                       
                                                                                     **Essay:** Docking molecular and MM-GBSA.                                                                                                                                                                                                                  

  • 2,6-diamino-8-azapurine sulfate                                                  **Precursor:**\                                                                                                                                                                              Purine-nucleoside phosphorylase (PNP) and bacteria *E.coli*   \[[@r87]\]
                                                                                     • Ribose-1-phosphate\                                                                                                                                                                                                                                      
                                                                                     • D-aaPur\                                                                                                                                                                                                                                                 
                                                                                     • α-D-ribose-1-phosphate\                                                                                                                                                                                                                                  
                                                                                     • 8-azaguanine\                                                                                                                                                                                                                                            
                                                                                     **Reactions types:** Ribosylation\                                                                                                                                                                                                                         
                                                                                     **Essay:** *Escherichia coli* culture and solution purine-nucleoside phosphorylase.                                                                                                                                                                        

  • N^6^-(2-methoxybenzyl)adenosine (2 *OMe*L)\                                      **Precursor:**\                                                                                                                                                                              Human cancer cell lines                                       \[[@r63]\]
  • N^6^-(4-methoxybenzyl)adenosine (4 *OMe*L)\                                      • N^6^-benzyladenosine derivative\                                                                                                                                                                                                                         
  • N^6^-(4-methylbenzyl)adenosine (4*Me*L)\                                         • K~2~\[Pt(ox)~2~\]·2H~2~O\                                                                                                                                                                                                                                
  • N^6^-(2-chlorobenzyl)adenosine (2 *Cl*L)\                                        **Reactions types:**\                                                                                                                                                                                                                                      
  • N^6^-(4-fluorobenzyl)adenosine (4 *F*L)                                          • *One-step* synthetic procedure using the reaction of potassium bis(oxalato)platinate(II)\                                                                                                                                                                
                                                                                     **Essay:** Cancer cells (osteosarcoma and breast adenocarcinoma)                                                                                                                                                                                           

  **Adenosine Derivatives by Conjugation and Coupling Reactions**                                                                                                                                                                                                                                                                               

  **Adenosine Derivatives Series**                                                   **Methods of Synthesis and Biological Essay**                                                                                                                                                **Target Interaction**                                        **Refs.**

  • 5'-(N-aminoacyl)-sulfonamido-5'-deoxyadenosine                                   **Precursor:**\                                                                                                                                                                              Bacteria, fungi and\                                          \[[@r67]\]
                                                                                     • adenosine\                                                                                                                                                                                 Aminoacyl tRNA synthetases (aaRS) *in vitro*                  
                                                                                     **Reactions types:** Mitsunobu condensation reactions or coupling and conjugation.\                                                                                                                                                                        
                                                                                     **Essay:**\                                                                                                                                                                                                                                                
                                                                                     • *E. coli, S. Lutea* and *C. Albicans.*\                                                                                                                                                                                                                  
                                                                                     • *In vitro* aminoacylation experiments.                                                                                                                                                                                                                   

  • Sulfamide adenosine derivatives (pGlu-SA)                                        **Precursor:**\                                                                                                                                                                              Aminoacyl tRNA synthetases\                                   \[[@r70]\]
                                                                                     • Adenosine.\                                                                                                                                                                                (aaRS)                                                        
                                                                                     • 5\'-amino-5\'-deoxyadenosine\                                                                                                                                                                                                                            
                                                                                     • *L*-pyroglutamic acid\                                                                                                                                                                                                                                   
                                                                                     **Reactions types:** Conjugation and coupling.\                                                                                                                                                                                                            
                                                                                     **Essay:**Cancer cells                                                                                                                                                                                                                                     

  • 8-brominated adenosine derivatives\                                              **Precursor:**\                                                                                                                                                                              IspE enzyme                                                   \[[@r72]\]
  • 8-aminated adenosine derivatives                                                 • Isopropylidene-protected-adenosine\                                                                                                                                                                                                                      
                                                                                     **Reactions types:** Oxidation and amide-coupling\                                                                                                                                                                                                         
                                                                                     **Essay:** Inhibitory activity against *E. coli* and *P. Falciporum* IspE.                                                                                                                                                                                 

  • Truncated N^6^-substituted 4'-oxoadenosine\                                      **Precursor:**\                                                                                                                                                                              A~3~ and A~2A~ receptors                                      \[[@r73]\]
  • Truncated N^6^-substituted 4'-thioadenosine                                      • 2,3-*O*-isopropylidene-D-erythronic-γ-lactone.\                                                                                                                                                                                                          
                                                                                     **Reactions types:** lithiation-mediated stannyl transfer and palladium-catalyzed cross coupling reactions.\                                                                                                                                               
                                                                                     **Essay:**\                                                                                                                                                                                                                                                
                                                                                     • Chinese hamster ovary (CHO) cells (A~1~ or A~3~R)\                                                                                                                                                                                                       
                                                                                     • Human embryonic kidney (HEK-293) cells (A~2A~AR).                                                                                                                                                                                                        

  • 7-deaza-cyclic adenosine-5'-diphosphate carbocyclic ribose.\                     **Precursor:**\                                                                                                                                                                              Sea urchin egg homogenate system                              \[[@r77]\]
  • 7-deaza-7-bromo-cyclic adenosine-5'-diphosphate carbocyclic ribose.              • 2,3-disubstituted pyrrole nucleoside\                                                                                                                                                                                                                    
                                                                                     • Carbocyclic ribosyl amine\                                                                                                                                                                                                                               
                                                                                     • Imidazole nucleoside\                                                                                                                                                                                                                                    
                                                                                     **Reactions types:** Ag^+^ promoted intramolecular condesation and coupling reaction.\                                                                                                                                                                     
                                                                                     **Essay:** *Hemicentrotus pulcherrimus* sea urchin egg homogenate.                                                                                                                                                                                         

  • (N)-Methanocarba-5′-ester adenosine derivatives                                  **Precursor:**\                                                                                                                                                                              A~3~R and DAT                                                 \[[@r79]\]
                                                                                     • (N)-methanocarba adenosine\                                                                                                                                                                                                                              
                                                                                     **Reactions types:** oxidation, substitution nucleophilic aromatic and coupling.\                                                                                                                                                                          
                                                                                     **Essay:** Dopamine transporter (DAT)                                                                                                                                                                                                                      
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

(\*) Solvent = H~2~O or MeOH.

(Source: Prepared by the author).
